Physical model experiments of the gas-assisted gravity drainage process by Sharma, Amit P
Louisiana State University
LSU Digital Commons
LSU Master's Theses Graduate School
2005
Physical model experiments of the gas-assisted
gravity drainage process
Amit P. Sharma
Louisiana State University and Agricultural and Mechanical College, asharm4@lsu.edu
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Petroleum Engineering Commons
This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in LSU
Master's Theses by an authorized graduate school editor of LSU Digital Commons. For more information, please contact gradetd@lsu.edu.
Recommended Citation
Sharma, Amit P., "Physical model experiments of the gas-assisted gravity drainage process" (2005). LSU Master's Theses. 3375.
https://digitalcommons.lsu.edu/gradschool_theses/3375
 
PHYSICAL MODEL EXPERIMENTS OF THE 









A Thesis  
 
 
Submitted to the Graduate Faculty of the  
Louisiana State University and  
Agricultural and Mechanical College 
 in partial fulfillment of the  
requirements for the degree of  
Master of Science in Petroleum Engineering 
in 












Amit P. Sharma 
B. E. (Petrochemical Engineering), Dr. B. A. Technological University, India, Aug 2001 










I would like to express my sincere thanks to my major professor Dr. Dandina N. Rao, 
whose ideas, suggestions, guidance and encouragements were of great value for the 
completion of this work. I am very thankful to Dr. Christopher White and Dr. Julius 
Langlinais of the Petroleum Engineering Department for their valuable suggestions and 
for serving on the examining committee. 
I would like to thank Mr. Madhav M. Kulkarni for his constant support and valuable 
help during the course of this research work. I greatly appreciate the help of Dr. Qiang 
Xu with the design of the data acquisition system and the initial setup of the physical 
model. 
I greatly appreciate the help and constant support from my colleagues, Mr. Subash 
Ayirala, Mr. Ayodeji Abe, Mr. Daryl Sequeira, Mr. Thaer Mahmoud and Mr. Wei Xu.  
My special thanks go to Mr. Oluwasanmi Adesanoye for his invaluable help while 
performing the experiments. I am very thankful to my family and friends for their 
constant support and patience during the completion of my study. 
 This research was prepared with the support of the U.S. Department of Energy, under 
award number. DE-FC26-02NT15323 any opinions, findings, conclusions or 
recommendations expressed therein are those of the author and do not necessarily reflect 




TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS …………………………………………..………………...ii 
LIST OF TABLES….…………………………………………..…………………...…...v 
LIST OF FIGURES ………………………………………………………………….....vi 
NOMENCLATURE…………………………………………………………………...viii 
ABSTRACT……………………………………………………………………………..ix 
1. INTRODUCTION ........................................................................................................ 1 
1.1 Background ........................................................................................................... 1 
1.2 Scope for Improvement ........................................................................................ 4 
1.3 Objective ................................................................................................................ 5 
2. LITERATURE REVIEW ............................................................................................ 7 
2.1 Introduction to Enhanced Oil Recovery (EOR)................................................. 7 
2.2 Role of Gravity Forces.......................................................................................... 8 
2.3 Gravity Drainage: Performance and Prospects ................................................. 8 
2.4 Horizontal Wells.................................................................................................. 11 
2.5 Scaled Model Studies .......................................................................................... 11 
2.6 Factors Affecting Gravity Drainage.................................................................. 13 
2.6.1 Wettability.................................................................................................... 14 
2.6.2 Spreading Coefficient .................................................................................. 15 
2.6.3 Capillarity .................................................................................................... 16 
2.6.4 Viscosity ...................................................................................................... 17 
2.6.5 Heterogeneity............................................................................................... 18 
2.7 Summary.............................................................................................................. 19 
3. EXPERIMENTAL APPARATUS AND PROCEDURES ...................................... 21 
3.1 Task Identification.............................................................................................. 21 
3.2 Experimental Design, Methodologies and Scope ............................................. 22 
3.2.1 Experimental Design Approach................................................................... 22 
3.2.2 Dimensionless Groups for Experimental Design......................................... 23 
3.2.3 Selection of Experimental Variables ........................................................... 25 
3.3 Experimental Apparatus and Procedure.......................................................... 31 
3.3.1 Apparatus ..................................................................................................... 31 
3.3.2  Experimental Procedure.............................................................................. 38 
4. RESULTS AND DISCUSSION ................................................................................. 43 
4.1 Investigation of Operating Mode on GAGD performance ............................. 43 
4.1.1 Constant Pressure Experiments.................................................................... 43 
4.2 Constant Rate GAGD Experiments .................................................................. 45 
 iii
4.2.1 Effect of Bond Number on GAGD oil recovery.......................................... 45 
4.2.2 Effect of Capillary Number on GAGD Oil Recovery ................................. 52 
4.2.3 Results from Mobile Water Saturation Experiments ................................... 58 
4.3 Statistical Analysis of Experimental Results .................................................... 62 
4.4 Scaling of Time.................................................................................................... 62 
4.5 Comparison of Physical Model Results with Field production and Core Flood 
Data ...................................................................................................................... 66 
5. CONCLUSIONS AND RECOMMENDATIONS.................................................... 69 
5.1 Conclusions.......................................................................................................... 69 
5.2 Recommendations ............................................................................................... 70 
REFERENCES................................................................................................................ 72 
APPENDIX: DETAILED SUMMARY OF COMMERCIAL GRAVITY 
DRAINAGE FIELD APPLICATIONS ........................................................................ 76 





















LIST OF TABLES 
 
Table 2.1: Summary of Commercial Gravity Drainage Field Applications ..................... 10 
Table 3.1: Dimensionless Groups Used for GAGD Experimental Design....................... 24 
Table 3.2: Field Ranges of Dimensionless Groups........................................................... 25 
Table 3.3: Experimental Design to Study the Effect of Bond Number ............................ 27 
Table 3.4: Experimental Design to Study the Effect of Capillary Number ...................... 28 
Table 3.5: Experimental Design for the Study of Operating Mode and Type of Gas 
Injectant on GAGD Using 0.5mm Glass Beads.............................................. 29 
 
Table 3.6: Plan for Studying the Effect of Spreading Coefficient on GAGD .................. 31 
Table 4.1: Model Parameters for Constant Pressure Runs (4 psig) .................................. 44 
Table 4.2: Constant Rate 2D Experiments to Study the Effect of the Variation of Bond 
Numbers on Oil Recovery .............................................................................. 47 
 
Table 4.3: Dependence of Oil recovery on Bond Numbers.............................................. 51 
Table 4.4 (a): Constant Rate 2D Experiments to Study the Effect of the Variation of  
Capillary Numbers on Oil Recovery (Runs CR3, CR5 and CR6).................. 53 
 
Table 4.4 (b): Constant Rate 2D Experiments to Study the Effect of the Variation of 
Capillary Numbers on Oil Recovery (Run CR7, RunCR8 and Run CR9). .... 53 
 
Table: 4.5 Oil Recovery Variations with Bond and Capillary Number............................ 55 
Table 4.6: Data obtained from Tertiary GAGD Runs....................................................... 59 
Table 4.7: Properties of Dexter Hawkins field used in dimensionless time calculations . 63 





LIST OF FIGURES 
 
Figure 1.1: Gravity-Stable gas injection at the Dexter-Hawkins field .............................. 5 
Figure 2.1: Schematic of the Gas Assisted Gravity Drainage (GAGD) process ............. 10 
Figure 2.2: Lenormand’s phase diagram for horizontal displacements........................... 18 
Figure 3.1: Experimental design procedure..................................................................... 23 
Figure 3.2: Schematic diagram of the physical model..................................................... 32 
Figure 3.3(a): Hele-Shaw type visual physical model (B) .............................................. 33 
Figure 3.3(b): Components of the physical model (B).................................................... 33 
Figure 3.4(a): Gas mass flow controller to provide constant rate gas injection (A)........ 34 
Figure 3.4(b): Gas mass flow controller’s read out device (A) ....................................... 34 
Figure 3.4(c): Pressure regulator to provide constant pressure gas injection (A)............ 35 
Figure 3.5: Transfer vessel (C) ........................................................................................ 35 
Figure 3.6:  Syringe pump (D)......................................................................................... 36 
Figure 3.7: Separator (E) ................................................................................................. 36 
Figure 3.8: Camera (F)..................................................................................................... 37 
Figure 3.9: Data acquisition system (G) .......................................................................... 37 
Figure 3.10: Pressure gauge (H) ...................................................................................... 38 
Figure 3.11: Step-wise illustration for operating the data acquisition system................. 42 
Figure 4.1: Recovery plots for constant pressure gas injection tests ............................... 44 
Figure 4.2: Effect of Bond number on GAGD oil recovery ............................................ 47 
Figure 4.3: Recovery comparison for constant rate and constant pressure runs.............. 49 
Figure 4.4 Gravity stable frontal advance during Run CR1 ............................................ 50 
Figure 4.5: Effect of Bond number on oil recovery by GAGD ....................................... 52 
 vi
Figure 4.6: Oil recoveries obtained from different gas injection rates. ........................... 54 
Figure 4.7: Effect of capillary number on oil recovery by GAGD.................................. 56 
Figure 4.8: Pictures from the 400 cc/min, N2 flood (Run CR7) ...................................... 56 
Figure 4.9: Oil recoveries obtained from tertiary mode GAGD runs.............................. 60 
Figure 4.10:Water recoveries obtained from tertiary mode GAGD runs ........................ 60 
Figure 4.11: Capillary number versus oil and total liquid recoveries during tertiary 
GAGD floods ............................................................................................... 61 
 
Figure 4.12: Flood profile during tertiary mode GAGD ................................................. 61 
Figure 4.13: Multi-variance regression model for correlating and predicting cumulative 
GAGD immiscible oil recovery ................................................................... 62 
 
Figure 4.14: Dexter Hawkins field performance (Carlson, 1988) ................................... 66 
Figure 4.15: Correlation of recovery from laboratory and field tests in terms of Gravity 















α = fluid property relationship 
Dp = Grain diameter, L 
φ = Porosity 
g = gravity constant, LT-2 
H = Reservoir/sand pack thickness, L 
K = Absolute permeability, L2 
µ = gas viscosity, ML-1T-1 
µo = oil viscosity, ML-1T-1 
NB = Bond number, ML-1T-1 
NC = Capillary number 
NG = Gravity number 
RL = Geometric aspect ratio 
ρo = oil density, ML-3 
ρg = gas density, ML-3 
ρw = water density, ML-3 
σow = oil-water interfacial tension, MT-2 
σgo = gas-oil interfacial tension, MT-2 
σ = gas-oil interfacial tension, MT-2 
τ = tortuosity 
td=dimensionless time 
Sor=Residual oil saturation 
Siw=Initial water saturation 






The displacement of oil by gas injection in oil reservoirs is an attractive method of 
improved oil recovery. Commercial gravity-stable gas injection projects have 
demonstrated excellent recoveries; however, their application has been limited to dipping 
reservoirs and pinnacle reefs. Horizontal gas floods and the water alternating gas (WAG) 
processes, practiced in horizontal type reservoirs, have yielded less than satisfactory 
recoveries of 5-10%. The Gas Assisted Gravity Drainage (GAGD) Process being 
developed at LSU extends the concept of gravity-stable gas floods to horizontal type 
reservoirs to improve volumetric sweep and oil recovery.  
This experimental study consists of a series of visual experiments to study the effects 
of operating parameters such as capillary number, the Bond number, gravity number and 
mobile water saturation on the GAGD process. The experiments were performed in a 
visual physical model packed with uniform glass beads of various sizes and by injecting 
gas at various pressures, rates and initial water saturations. The results have been 
correlated against dimensionless numbers characterizing the role of gravity and capillary 
forces. This has also enabled the comparison of the physical model results with those 
from core floods and field projects. The run time of the physical model experiments have 
been scaled to the required time in the field to obtain similar recoveries.  
Good correlations are obtained between the Bond and capillary numbers with 
cumulative oil recovery. Results indicate that these correlations are not only valid for 
immiscible GAGD floods but may be applicable for miscible GAGD floods. This enables 
us to predict oil recoveries from similar processes on commercial scale if sufficient rock 
and fluid data is available. Significantly better oil recovery is obtained during the early 
 ix
life of the project at constant pressure gas injection. Higher recoveries are obtained 
during gravity-dominated flow as opposed to capillary or viscous dominated. 
Experimental results show that the composition of the injected gas has little effect on oil 
recovery during immiscible gas injection. Recovery versus gravity number data from the 
physical model, core floods and commercial field projects, all fall close to a straight line 
on a semilog plot. This indicate that the physical model is capable of capturing the 
realistic mechanisms operating in the field projects and that these experimental runs may 






























 The U.S. Department of Energy (U.S.DOE) estimates that nearly 377 Billion barrels 
of discovered oil in the United States is left behind after conventional (primary as well as 
secondary) production techniques. This vast amount of oil that has been deemed "un-
producible" by current technology (EOR Survey, 2002) needs to be recovered to fulfill 
the country’s energy needs. The National Petroleum Council (NPC) defines Enhanced Oil 
Recovery (EOR) as “Incremental oil that can be economically produced, over that which 
can be economically recovered by conventional primary and secondary methods”. 
Increased (EOR) efforts directed towards the recovery of this oil have met with limited 
success (Mortis, 1995). The literature clearly shows that gas-injection-based EOR 
methods are an ideal, as well as feasible alternative that can tap into and effectively 
recover this enormous resource base.  
 The presence of large quantities of light oil reserves in the United States makes the 
gas injection EOR the only process viable for improved recoveries from these ‘left-
behind’ reserves. EOR surveys by the Oil and Gas Journal for the last two decades clearly 
show the increased popularity and share of gas injection processes in the U.S. EOR 
scene. Furthermore, of the gas injection EOR processes, CO2 as well as hydrocarbon 
processes, demonstrate higher potential as an effective tool to recover the ‘left-behind’ oil 
(EOR Survey, 2004). The recent record crude oil/natural gas prices, as well as increased 
greenhouse gas emission concerns, tip the scales in favor of CO2 as the most favorable 
light oil enhanced recovery tool.   
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The important functions that any EOR process needs to perform to be successful are: 
(i) increase the microscopic displacement efficiency by increasing the capillary number, 
and (ii) attain better volumetric sweeps by improving the mobility ratio (M) (Green and 
Willhite, 1998). The microscopic efficiency, defined as extent of mobilizing the trapped 
reservoir residual oil, is a function of the capillary number (Nc), where Nc is the ratio of 
viscous to capillary forces. On the other hand, the volumetric sweep, defined as the 
percent of reservoir rock contacted by the injected fluid, is governed by the mobility ratio 
and reservoir hetrogeniety. 
The mobility ratio (M) is defined as the ratio of mobilities (Keff/µ) between the 
displacing and the displaced fluids. To maximize the efficiency of any EOR process, the 
capillary number value should be maximized while the mobility ratio value should be 
minimized. 
The gas injection EOR processes demonstrate good prospects in their field 
implementation because of their excellent microscopic displacement efficiencies 
achieved in the gas-swept region. These higher microscopic sweep efficiencies are 
attributable to the lower interfacial tension developed between the injected gas and 
reservoir oil, which can be further decreased to zero by miscibility achievement, thus 
helping boost the Nc value – thereby increasing reservoir displacement efficiency. 
 Although the gas injection EOR processes have been practiced since the turn of the 
last century, the volumetric sweep efficiencies of gas injection EOR processes have 
always been the weakest link of the process performance. Viscosity of the commonly 
injected gases, namely CO2, hydrocarbons, N2, etc., is about one-tenth of the reservoir 
fluids viscosities. These viscosity/density contrasts not only result in highly unfavorable 
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mobility ratios, but also in severe gas-oil gravity segregation in the reservoir. This gravity 
segregation causes large un-swept reservoir areas and ‘short-circuiting’ of the injected 
gas to the producing well; resulting in extremely poor volumetric sweep efficiencies.  
In order to achieve better volumetric sweeps from gas injection processes, Caudle and 
Dyes (1958) proposed the water-alternating-gas (WAG) process in which gas and water 
is simultaneously injected in the reservoir. Fundamentally, the simultaneous deployment 
of counteracting natural tendencies of gas to rise and water to fall in horizontal injection 
was thought to give a more uniform flooding pattern. Although Caudle and Dyes (1958) 
suggested simultaneous gas/water injection, literature review (Kulkarni, 2003) suggests 
that they should be injected separately. Almost all the commercial miscible gas injection 
projects currently operated employ the WAG process and almost 80% of commercial 
WAG in the U.S. are reported as an “economic success” (Christensen et al., 1998).  
Although conceptually sound, the WAG process has not lived up to its expectations 
and has demonstrated poor oil recoveries (5-10% OOIP) (Rao, 2001) during commercial 
applications. A review of 59 WAG field projects by Christensen et al. (1998) shows that, 
in the majority of the field projects reviewed, the incremental oil recovery was in the 
range of 5 to 10%, with an average incremental recovery of 9.7% for miscible WAG 
projects and 6.4% for immiscible WAG projects, plagued with severe operational and 
injectivity problems. Moreover, the WAG process requires injection of free water in the 
reservoir leading to higher water cuts, and adversely affecting the reservoir performance 
by increased water shielding effects, decreased oil relative permeability, and decreased 
gas injectivity (Kulkarni, 2004). 
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Continued research efforts on other gas injection volumetric sweep improvement 
methods, such as the simultaneous WAG, gas thickeners, foam injection etc., have met 
with little success (Mortis 1995). All these processes are currently in their inception stage 
and are not considered part of current commercial flooding technology. All these 
methods are still aimed at overcoming the all-pervading gravity force (consequently the 
natural phenomenon of gravity segregation) and are an attempt to improve the flood 
profile. This has resulted in WAG being the default process for commercial gas injection 
EOR applications, leaving considerable opportunities for improvement. 
1.2 Scope for Improvement 
From the above discussion it is evident that the current horizontal gas injection 
processes work in opposition with nature, by countering gravity effects for improved 
flood profiles, to improve the reservoir volumetric sweep efficiencies. This section 
investigates the possible alternatives available to increase the reservoir volumetric sweep 
efficiencies without being in opposition with nature. Green and Willhite (1998) suggest 
that the density difference between injected gas and displaced fluids, which results in 
severe gravity segregation and cause problems of poor volumetric sweep efficiencies and 
gravity override in horizontal gas injection projects, can be used as an advantage in 
dipping reservoirs. Field reviews (Kulkarni, 2004) on nine commercial gravity stable gas 
floods in pinnacle reefs and/or dipping reservoirs demonstrate that all the gravity stable 
floods were highly successful in recovering residual oil from these reservoirs.  
Contrary to the WAG process, gravity stable gas floods in dipping and pinnacle reefs 
reservoir, are seen to be one of the most efficient methods for oil recovery. Field 
investigation confirms that a large amount of incremental oil recovery can be obtained 
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using gravity stable gas injection. Recoveries as high as 85-95% have been observed in 
field tests and nearly 100% recovery efficiency has been observed in laboratory core 
floods (Kulkarni, 2004). Therefore, the gravity-stable gas injection process could very 
well be an alternative to the presently applied WAG process. However, the commercial 
applications of gravity stable gas injection have been limited to reefs and dipping 
reservoirs only as shown in Figure 1.1, which is taken from Carlson (1988). The recently 
proposed Gas Assisted Gravity Drainage (GAGD) process (Rao, 2001), aimed at 
extending these gravity stable gas floods to horizontal type reservoirs, has been 
conceptually demonstrated as an effective alternative to the WAG process (Kulkarni and 
Rao, 2004).  
 
Figure 1.1: Gravity-Stable gas injection at the Dexter-Hawkins field (Carlson, 1988) 
 
1.3 Objective 
The primary objective of this research is to experimentally investigate the variables 
that impact the GAGD process the most. This research is directed towards the study of 
the three governing forces (Buoyant, Viscous and Capillary) during the GAGD process 
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using a 2-Dimensional visual physical model. The effect of mobile water saturation and 
operating parameters (gas injection pressure and rates) on the GAGD process 
performance will also be addressed in order to study the extent of water shielding on the 
GAGD process in tertiary mode. All experiments in this study are characterized by the 
use of dimensionless numbers. The results from the GAGD experiments are then used to 


















2. LITERATURE REVIEW 
 
2.1 Introduction to Enhanced Oil Recovery (EOR) 
 As production from oil-bearing reservoirs matures, the need for enhanced oil recovery 
becomes increasingly important; EOR then becomes the only alternative for revitalizing 
the matured reservoirs. The target oil for all the EOR processes is the residual oil that is 
left behind after primary and secondary production modes. EOR is the recovery of 
additional oil from an oil reservoir by injection of materials not normally present in the 
reservoir.   
The oil recovery profile over the life of the reservoir is broadly classified as primary, 
secondary and tertiary recovery modes. Primary recovery is oil recovery by natural drive 
mechanisms inherently present in the reservoir. Natural drive oil recovery mechanisms 
include solution gas, water influx, and gas cap or gravity drainage (Muskat, 1949). 
Secondary recovery refers to techniques, such as gas cap injection or water injection, 
whose purpose, in part, is to maintain the reservoir pressure. Tertiary recovery techniques 
refer to any technique applied after secondary recovery, which includes chemical 
flooding, thermal processes (steam flooding, steam stimulation, etc.), miscible processes 
(CO2 miscible flooding, hydrocarbon miscible flooding, etc.).  
EOR encompasses the oil recovery techniques that could be applied in either 
secondary or tertiary stages. EOR results principally from the injection of gases or liquid 
chemicals and/or the use of thermal energy. The EOR processes primarily provide a 
supplementary mechanism to the depleting natural drive mechanism of the reservoir, such 
as pressure maintenance, wettability alteration, and mobility control. 
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2.2 Role of Gravity Forces  
 The effect of gravity has always been present in oil reservoirs. Segregation of fluids 
in the reservoir is a strong proof for the presence of gravity (Muskat, 1949).  This force 
acts to separate any two reservoir fluids into layers according to their densities or to move 
fluids through the reservoir rock in the direction demanded by their densities in order to 
restore density equilibrium. 
Gravity forces have been considered for a long time as factors that should be 
minimized in oil recovery processes. However, under favorable natural and operating 
conditions, the gravity force inherently present or induced in the reservoir tends to 
improve recoveries. Gravity tends to drain the oil from the pores and flow it down dip to 
the wells. When gravity forces dominate during production from a reservoir, a gas/oil 
interface develops at the top of the oil interval. Pressure in the gas zone is often low; oil 
enters the well bore from the saturated interval at the bottom of the formation and flows 
in the bottom of the well along the well bore. If there is sufficient solution gas, the void 
created by oil draining towards the bottom of the zone fills with gas coming out of the 
solution and migrating to the top of the zone as the average pressure in the gas zone 
decreases (Green and Willhite, 1998). Low oil viscosity, high permeability to oil, high 
formation dips, and high-density gradients favor the drainage of oil by gas in the 
reservoir rock (Muskat, 1949).  
2.3 Gravity Drainage: Performance and Prospects 
 A field review (Table 2.1) conducted on nine gravity drainage field projects by 
Kulkarni (2004) indicates that all the nine field projects in various parts of the world were 
successfully implemented. The oil recovery from these projects has been as high as 90% 
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of Initial Oil in Place (IOIP) in tertiary mode after secondary waterfloods. Although two 
of the nine projects were deemed economically unsuccessful, the others were all 
lucrative. These projects were implemented on a large variety of geological settings, 
ranging from formations that were sandstone (mostly water wet) to carbonates and 
dolomites (mostly oil wet). The details of these projects are given in Table A1 in 
Appendix A. This clearly indicates that gravity drainage can be implemented in a wide 
variety of geological settings.  
However, these projects were implemented on pinnacle reefs type reservoirs. Gravity 
drainage using vertical wells might not yield similar recoveries in horizontal type 
reservoirs. As mentioned earlier, gravity override becomes a problem in conventional 
horizontal gas injection EOR processes; unfavorable mobility ratio in such processes 
results in early gas breakthrough, lower gas utilization factor, and poor oil recoveries.  
The inclusion of horizontal wells in horizontal type reservoirs to facilitate the gravity 
stable oil drainage appears to be a solution to this problem. 
The recently proposed GAGD process (Rao, 2001), aims at adapting the above 
mentioned solution in order to make gravity stable gas injection applicable to horizontal 
type reservoirs.  The GAGD process has already been conceptually demonstrated as an 
effective alternative to the WAG process (Kulkarni and Rao, 2004). The GAGD process 
(Figure 2.1) consists of several vertical injectors at the top and a horizontal producer at 
the bottom of the pay zone.  Gas injected from the top provides gravity stable 
displacement of oil towards the horizontal well at the bottom. With increased gas 
injection, the gas cap expands downward and sideways, displacing more oil from the top, 
and resulting in high reservoir volumetric sweeps. The instability observed at the gas-oil 
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displacement front, as shown in Figure 2.1, is evident from the observations made during 
the experiments. 
Table 2.1: Summary of Commercial Gravity Drainage Field Applications  



























































































WF recovery (% OOIP) 60 60 60 - 70 N/A N/A N/A N/A N/A 58 
Ultimate Oil Recovery (%OOIP) 90.0 > 80.0 64.1 N/A 95.5 84.0 74.8 67.5 N/A 
Project Results Successful Successful Successful Discouraging Successful Successful Successful Successful Successful 
Profit (?) Profit Profit No Profit No Profit Profit Profit Profit Profit Profit 
State / Country LA Texas LA LA Alta Alta TX Libya Borneo 
Porosity (%) 23.9 – 27.6 27 26 32.9 10.94 12 8.5 22 25 
Permeability (mD) 300 – 1000 3400 1200 1480 1375 1050 110 200 10 – 2000 
Connate Water Sat. (%) 19 – 23 13 10 15 5.64 11 20 N/A 22 
Oil Saturation at End (%) N/A N/A 2 5 12 5 10 18 N/A 
Bed Dip Angle (Degrees) 23 – 35 8 26 36 Reef Reef Reef Reef 5 – 12 
Pay Thickness (ft) 31 – 30 230 186 35 648 292 824 950 15 – 25 (m) 
Oil API Gravity 33 25 32.7 36 38 45 43.5 40 31 – 34 
Oil Viscosity (cP) 0.9 3.7 0.45 0.667 0.535 (BP) 0.19 0.43 0.46 0.6 – 1.0 
Injection Gas Air N2 CO2/HC CO2 HC HC CO2 HC HC 
 
 
Figure 2.1: Schematic of the Gas Assisted Gravity Drainage (GAGD) process (Rao, 
2001) 
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2.4 Horizontal Wells 
Horizontal wells have long been used in several field applications. The key 
parameters that control the success of horizontal wells are: (i) fracture intensity, (ii) 
hydrocarbon pay zone thickness, (iii) well spacing, (iv) vertical communication, (v) 
formation damage and post drilling cleanup ability, (vi) geological control, (vii) multi-
well prospect, and (viii) cooperation in geological, reservoir, drilling and completion 
departments (Lacy et al., 1992). Horizontal wells allow increased reservoir contact area, 
increased productivity over vertical wells and reduce coning tendencies in reservoir with 
bottom water drive and top gas cap drive because of a low pressure drawdown around the 
well bore. The application of a horizontal well will account for stable displacement of oil 
from the top of the reservoir to the well, reduce early gas breakthrough, and reduce the 
residual oil saturation (Joshi, 2003).  
2.5 Scaled Model Studies  
 Displacement experiments in the laboratory have been extensively used to investigate 
the production behavior of petroleum reservoirs. Stahl et al. (1943) conducted the first 
scaled gravity drainage experiments. Air was used to displace various fluids from a 
column containing Wilcox sand. They reported results showing the dependence of liquid 
saturation on column height at both equilibrium and dynamic conditions. Scaled 
experiments investigating gravity segregation have been conducted by Craig at al. (1957) 
and Templeton et al. (1961) in glass bead systems. Meszaros et al. (1990) used a series of 
partially scaled 2-dimensional models to study the effect of inert gas injection on heavy 
oil recovery: 70% of the oil in place was recovered in their study. Such experiments are 
representative of the reservoir if they are carried out in models that are properly scaled. 
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The performance of oil reservoirs is governed by a number of variables, including  (i) 
fluid-fluid interfacial tension, (ii) fluid viscosities, (iii) wettability, (iv) spreading 
coefficient, (v) fluid-fluid density difference, (vi) rock porosity, (vii) absolute and relative 
permeability, and (viii) initial water saturation (Shook et al. 1992). These variables can be 
combined to form dimensionless groups. The derivation of these groups is done using 
two general methods.  
1) Dimensional Analysis (Geertsma et al., 1955) 
2) Inspectional Analysis (Ruark,1935) 
Dimensional analysis is the process of combining two or more variables into a group 
that would be dimensionless. The effect on certain variables is then studied in terms of 
the group instead of individual variables in the group. Rappaport (1955) suggests that if 
the ratio of dimensionless groups on a larger geometric scale to dimensionless groups on 
a smaller geometric scale is kept equal to one, then the mechanisms occurring on both 
scales would be similar. However, the above statement is true only if both of the scales 
are geometrically similar. 
Inspectional analysis is a similar method for obtaining dimensionless groups to study 
the mechanistic behavior of a process. However, inspectional analysis is based on the 
underlying physical laws, usually expressed in the form of partial differential equations 
and boundary conditions. Inspectional analysis can be done even with an incomplete set 
of equations, and through the analysis at least some of the dimensionless groups can be 
obtained (Shook, 1992). Inspectional analysis is stronger than dimensional analysis in the 
sense that it takes into account the underlying physical laws involved in the flow 
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behavior. However, dimensional analysis has been found sufficiently useful for processes 
involving similar flow behavior (Hagoort, 1990). 
2.6 Factors Affecting Gravity Drainage 
 Gravity has long been recognized as one of the three important natural forces for 
expelling oil from the reservoir rock, along with edge water drive and solution gas drive. 
However, the quantification of oil recovery due to drainage has long been a concern. 
Calhoun (1953) suggests that if drainage was occurring, those wells lowest in the 
structure should recover the highest amount of cumulative oil. During the early life of the 
reservoir, the reservoir tends to produce by solution gas drive, depending upon how much 
pressure drawdown is available. Although the primary mechanism is solution gas drive, 
some drainage is still evident in the reservoir during the production period at the lower 
part of the reservoir. However, when the reservoir pressure depletes, gravity drainage 
seems to be taking place at greater portions of the reservoir (Lewis, 1943).   
Lewis (1943) suggests that the force of gravity provides sufficient mechanical energy 
that can drain a large percentage of oil from the sand, but the important concern is not 
how much potential mechanical energy there is in the reservoir but how effective it will 
be in displacing oil. The distribution of oil within the pore space of the porous media 
plays an important role in the viability of any process used to recover the oil efficiently.  
Oren et al. (1994), suggest that the static pore-scale distribution of three fluids in a 
porous medium is determined by a complex interaction involving physical phenomena 
such as wettability (rock-fluid interactions), spreading phenomena, capillary pressure, 
mobility, viscosity and buoyancy. This section will discuss the significance of all these 
parameters towards oil recovery by gravity drainage. 
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2.6.1 Wettability  
 The wettability of a reservoir rock is a critical factor in determining the displacement 
effectiveness and ultimate oil recovery by displacing fluids, such as gas or water. 
Kovscek et al. (1993) suggest that since most wetting fluids tend to occupy the smallest 
and most hydrodynamically resistive pore channel, wettability is a prime factor in 
controlling multiphase flow and phase trapping. Three broad classifications of 
homogeneous wettability are (i) water-wet, (ii) oil-wet, and (iii) intermediate-wet. The 
wetting characteristic of a reservoir rock is a critical factor in the determination of 
residual oil saturation after a given production scheme. A water-wet formation tends to 
expel more oil from the porous space in the early life of oil production. However, oil in 
the form of lenses tends to remain in the larger pore spaces because of capillary action. 
The need for EOR hence arises at these conditions in order to extract the otherwise lost 
oil. Gas injection EOR has been efficient in the recovery of this residual oil owing to 
reduction of interfacial tension and enhancement of film flow in the porous media. 
(Kulkarni, 2004) 
Grattoni et al. (2002) report that wettability in lieu of the spreading characteristics of 
the oil plays an important role in displacing residual oil from the pores. They conducted 
experiments using large sintered packs, with different matrix wettability and with oils 
having different spreading coefficients to evaluate the performance of a depressurization 
process. Results from these experiments indicate that in a water-wet medium, for 
spreading oils, the physical form of the oil becomes transformed from immobile ganglia 
into mobile oil films, which can be transported by the gas. For non-spreading oils, oil has 
to be pushed out by the gas as discontinuous ganglia, so less oil is produced. In contrast, 
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in an oil-wet system, the oil phase already exists as continuous film on the solid surface 
so that the injection of gas effectively expands the oil phase, enabling the oil to be 
produced in larger quantities even at lower gas saturations. It can be concluded from this 
work that rock wettability and oil spreading behavior have an influence on the 
performance of gas drives.  
Moreover, many reservoirs have been reported as being mixed wet, in which 
continuous and distinct oil and water wetting surfaces coexist in the porous media.  
Laboratory studies conducted by Morrow (1991), Rao et al. (1992), and Salatheil (1973); 
and network model studies of Kovscek (1993), indicate that lower residual oil saturation 
can be obtained for a mixed-wet porous medium than in water-wet media.  
2.6.2 Spreading Coefficient 
 An understanding of three-phase gas-oil-water flow mechanism is important in oil 
recovery from petroleum reservoirs. The preferential spreading of one fluid over the other 
in porous media has been quantified using the spreading coefficient (S). Studies 
conducted by Blunt et al. (1995), Oren et al. (1995), Mani et al. (1997) and Grattoni et al. 
(2000) emphasize the importance of film flow behavior in a drainage-dominated 
environment. Oil recovery from gravity stable processes has been attributed to various 
factors, of which film flow of isolated ganglia of oil has been a very important factor. The 
film flow phenomenon of oil depends on the fluid-fluid interaction in the reservoirs. As 
noted earlier, the spreading coefficient of the gas-oil-water system along with the rock 
wettability governs the film flow behavior. Spreading coefficient is defined as: 
 
owgogwS σσσ −−= …………………….…………………………………………….....2.1 
 15
where, σgw, σgo and σow are the gas-water, gas-oil and oil-water interfacial tensions, 
respectively. Mani et al. (1997) report that for oil spreading systems where, S>0, the 
residual oil saturation is far less than in a non-spreading system. If S>0, the interfacial 
energy of a three phase fluid system is decreased by having a film of oil between the gas 
phase and the water phase, and thus, oil spreads spontaneously between gas and water. 
The stability of the oil film becomes a crucial factor in facilitating the drainage of the oil 
phase owing to gravity. Blunt et al. (1995) report that the thickness and stability of the oil 
film can be determined using a parameter α. This parameter governs the distribution of 
oil, water and gas in vertical equilibrium for a spreading system: 
)(/)( owgogoow ρρσρρσα −−= ………………….…………………………………...2.2 
where ρo, ρg, and ρw are the density of oil, gas, and water, respectively. Experiments 
conducted by Blunt et al. (1995) indicate that if α>1, there is a height above the oil/water 
contact, beyond which oil only exists as molecular film with negligible saturation. When 
α<1, large quantities of oil remain in the pore space and gravity drainage is not efficient. 
The authors also indicate that a negative spreading coefficient leaves behind large 
quantities of trapped oil in the reservoir, resulting in poor recoveries.  
2.6.3 Capillarity 
The distribution of oil, gas, and water in the reservoir pores is controlled by their 
capillary interaction and the wetting characteristics of the reservoir rock. Whenever 
immiscible phases coexist in the porous media, as in essentially all processes of interests, 
surface energy related to the fluid interfaces influences the distribution, saturations, and 
the displacement of the phases. Most of the EOR processes tend to reduce the interfacial 
forces existing across the interface of the oil with injected fluid. However, in immiscible 
 16
processes, characterized by high IFT, capillary force exists and traps the non-wetting 
fluid in the pore space. Lewis et al. (1942) suggest that the self-propulsion of oil 
downward through sand under the impulse of its own weight occurs in two zones. At the 
top, where the liquid is in contact with free gas, the sand is only partially oil saturated and 
capillarity controls the flow. Below the base of this capillary zone, which corresponds to 
a free surface, the sand is saturated or nearly saturated with liquid and flow follows 
hydraulic laws. Therefore, the complete knowledge of the capillary action in the porous 
media is necessary to predict the saturations and displacement of the displaced phase. 
Kantzas et al. (1988) presented equations to predict the saturations of each phase inside 
the capillaries of arbitrary pore sizes. Capillary pressure versus saturation plots for the 
three phase systems in capillaries of regular pore geometries were also developed. Li and 
Horne (2003) developed an analytical model based on capillary pressure curves to match 
and predict the oil production by free-fall gravity drainage. The model was able to match 
the experimental and numerical simulation data of oil recovery as well as the oil 
production data from Lakeview pool and Midway sunset field. These analytical models 
may find application in predicting recovery in the proposed GAGD process. 
2.6.4 Viscosity  
Viscosity and viscosity ratio of the displaced and displacing phases are important 
(through mobility ratio) in identifying the frontal stability during any EOR processes. 
Mobility control using polymers have long been implemented to prevent gravity override 
and early breakthrough of the displacing phase. Lenormand et al. (1988), introduced the 
concept of “Phase Diagram” pertaining to drainage type displacement process, where 
various experimental and simulation were plotted in a plane with the capillary number 
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along the x-axis, and the viscosity ratio along the y-axis. The plot, reproduced in Figure 
2.2, clearly shows that different regions divide the flow into major flow regimes (stable 
displacement, viscous fingering, and capillary fingering). The drainage process was fully 
characterized by the capillary number and the viscosity ratio. The capillary number is a 
strong function of the gas displacement velocity.  However, beyond a certain gas 
displacement velocity the flow is no more gravity stable, leading to viscous fingering and 
unstable displacement.  
 
Figure 2.2: Lenormand’s phase diagram for horizontal displacements 
 
2.6.5 Heterogeneity 
No reservoir is completely homogeneous; all reservoirs are geologically unique. 
Therefore, it is unreasonable to assume that if a production scheme is successful in one 
reservoir it will necessarily be successful in another. However, knowledge of the 
geological structure of the reservoir can help us predict weather or not a particular 
recovery scheme should be implemented in it. Fayers and Lee (1992) suggest that 
severely adverse viscosity ratio may cause viscous fingering in heterogeneous reservoirs. 
The viscous fingering tendencies are dominated by channeling through the higher 
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permeability pathways of a heterogeneous reservoir. Fractured systems provide examples 
of highly heterogeneous reservoirs. However, Joshi et al. (2003) suggest that the use of 
horizontal wells in naturally fractured reservoirs can offer increased productivity over 
vertical wells due to the higher probability of intersecting the fractures and draining them 
effectively. These naturally fractured reservoirs usually have very low matrix 
permeability and major production is through the fractures. This argument suggests that 
gravity-stable floods could perhaps be more immune to heterogeneity in the reservoir as 
opposed to horizontal floods. The ratio of vertical to horizontal permeability (KV/KH) is a 
major factor that represents the reservoir heterogeneity effects. The magnitude of cross 
flow mechanisms involves interplay between viscous pressure difference, capillary 
pumping, and relative permeability modification. However, capillary pressure effects 
control the cross flow mechanism in a tertiary mode.  
2.7 Summary  
 The effect of gravity tends to segregate fluids in the reservoir in order to maintain the 
density equilibrium (Muskat, 1949). Gravity segregation of fluids in horizontal reservoirs 
often leads to gas override and gas coning problems during a gas injection process. 
However, field project reviews indicate that gravity stable gas injection are technically 
successful in dipping reservoirs and are  applicable to large variety of geological settings. 
Recent advances in horizontal well technology have demonstrated that the use of 
horizontal wells could minimize problems such as gas override and gas coning. 
Moreover, the use of horizontal wells in naturally fractured reservoirs often results in 
higher productivity. Horizontal wells could find favorable prospects in gravity stable gas 
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injection processes in horizontal reservoirs. This study aims on investigating the success 
of a gravity drainage process using horizontal wells. 
Film flow characteristics of reservoir fluids are crucial for the implementation of 
gravity drainage processes. Rock wettability in conjunction with spreading coefficient 
determines the residual oil saturation for a drainage process. Capillarity plays an 
important role in the fluid distribution, fluid saturations and the displacement process. 
Viscosity ratio along with capillary number could determine the flow regime during a gas 
injection scheme. This work aims on the determination of the effect of some of these 















3. EXPERIMENTAL APPARATUS AND PROCEDURES 
 
3.1 Task Identification 
 The broad aim of this research work is to experimentally investigate the effect of 
physical and dimensionless parameters on the performance of the Gas Assisted Gravity 
Drainage (GAGD) Process utilizing a 2-dimensional visual physical model. The 
preferential movement of the gas/oil interface in the model was evaluated visually. 
Literature reveals that the important forces that control the performance of a gravity 
drainage process are capillary, viscous, and buoyant forces. This study will investigate 
the effect of these forces on GAGD performance. All the experiments conducted in this 
study are aimed at investigating the effect of capillary number, Bond number, mode of 
injection (secondary/tertiary), and strategy of gas injection (constant pressure/constant 
rate) on GAGD performance. 
The effect of capillary, buoyant, and viscous forces along with initial water 
saturation, and operating mode, on the process performance has been studied using 
dimensionless analysis. The experimental design for this study was aimed on serving the 
following objectives: 
1. Visualizing and understanding the development of the gas filled zone, the 
downward movement of oil front towards the horizontal producer and identifying 
the type of flow regimes (gravity stable/ non-gravity stable, viscous dominated or 
capillary dominated) as a function of process operating parameters. 
2. Dimensional analysis for capturing the governing mechanisms involved in the 
GAGD process. Dimensional analysis is especially necessary in order to ensure 
proper scale-up of laboratory experiments in order to represent real field scenario.  
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3. Conducting series of experiments to study the effect of governing groups (Bond 
number and capillary number) on the performance of the GAGD process. The 
Bond number and capillary number characterize the flow behavior in the visual 
model during the GAGD process. 
4. Conducting experiments to study the effect of operating parameters on GAGD oil 
recovery. Investigation of the effect of pressure and gas injection rates on the flow 
behavior and drainage characteristics of oil was determined using these sets of 
experiments. Effect of the type of gas injectant on GAGD performance was also 
experimentally determined. 
5. Investigating the effect of mobile water saturation on GAGD oil recovery. Mobile 
water during gas injection processes have demonstrated water shielding due to the 
higher mobility of water during the presence of residual oil. This set of 
experiments were designed to study the performance of the GAGD process in 
tertiary mode. 
3.2 Experimental Design, Methodologies and Scope  
 The experimental design for this study to achieve the goals mentioned in the previous 
section was facilitated by the use of dimensional analysis. Dimensional analysis serves as 
an excellent tool for scale-up of laboratory experiments so that the results obtained from 
the experiments can be extrapolated with reasonable confidence to field scale. 
3.2.1 Experimental Design Approach 
 In designing an experiment for the GAGD process it is important to be able to 
quantify the governing forces in order to show their effect on oil recovery. It is necessary 
to be able to scale the laboratory results to field scale in order to investigate their effect 
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on real production scenario. Scaling is a process for extrapolating results obtained in the 
laboratory to the field (Shook et al., 1992). Scaling of the GAGD process involves use of 
dimensionless numbers that relate the effect of the various variables and forces on the 
performance characteristics of the gravity drainage process. The basic use of scaling in 
petroleum literature is outlined by Rappaport (1955). Figure 3.1 outlines the procedure 







stable gas injection 
projects  
Determining the values of 
dimensional numbers for 
these field projects 
Selecting Rock and fluid 
properties to obtain these 
values 
Checking the availability of 
materials with these 
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No YesOrder and proceed with 
experiments using the 2-D 
Physical model 
 
Figure 3.1: Experimental design procedure 
 
3.2.2 Dimensionless Groups for Experimental Design  
 The use of dimensionless numbers reduces the number of parameters to be studied 
through the experiments. The performance of GAGD will hence be a function of the 
dimensionless groups as opposed to each individual parameter. This reduction is 
particularly useful in designing experimental work where the minimization reduces the 
number of experiments (Shook et al., 1992). The range of dimensionless numbers 
obtained from the gravity-stable field projects were duplicated in this study by proper 
selection of experimental rock and fluids properties. The various dimensionless groups 
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obtained from the literature review for gravity-stable displacements are listed in Table 
3.1. 
Table 3.1: Dimensionless Groups Used for GAGD Experimental Design 
S. 
No: 
Similarity Groups Formulation References 







LR =  Shook et al, 1992 
2. Capillary Number (Nc) 
Ratio of viscous forces to capillary 
forces 
 Grattoni et al, 2000 
3. Bond Number (NB) 













Grattoni et al, 2000 
4. Fluid property group (α)  Kantzas et al, 1988 and Blunt 
et al, 1995. 
5. Gravity Number (NG) 
















Shook et al, 1992. 



























In order to study the effect fluid-fluid and rock-fluid interactions in the GAGD 
process, some dimensional groups are also considered for experimental investigations. In 
the GAGD process, where film flow and wettability are important factors, it becomes 
important to study the effect of spreading coefficient and wettability; these effects will be 
addressed in another separate experimental study.  
The following relationship has to be satisfied in the process of designing an 

















































































where γ refers to the ratio of dimensionless numbers at field scale to that of the physical 
model. Nine gravity-stable field projects were identified by Kulkarni (2004). The 
dimensionless numbers obtained from the field projects will be the basis of the 
experimental design for this research work. The dimensionless numbers for these projects 
were calculated and are given in Table 3.2 
Table 3.2: Field Ranges of Dimensionless Groups (Kulkarni, 2004) 






Minimum 1.12E-09 1.21E-05 875 
Maximum 4.18E-08 2.84E-07 0.39 
 
3.2.3 Selection of Experimental Variables 
 After the identification of dimensionless groups for the GAGD model, experimental 
variables to satisfy these dimensionless groups were selected. Experimental variables to 
satisfy each dimensionless number in order to study their effect on GAGD were 
separately identified. 
• Experimental design for studying the effect of Bond number 
 Bond number (NB) is defined as the ratio of gravitational forces over that of the 




















Bond number is directly proportional to the absolute permeability of the sand pack, 
and the density difference between the reservoir fluids. Absolute permeability of a 











where DP is the grain diameter, τ is the tortuosity and φ is the porosity of the bead pack. 
However, it is out of the scope of this study to measure the tortuosity of the sand pack, 
therefore the typical value of 1.5, for sand packs is used as the tortuosity in the above 
equation. Moreover, permeability decreases weakly with tortuosity, and tortuosity does 
not vary vastly (Carman, 1937).  In order to obtain favorable and realistic Bond numbers, 
fluid-fluid interaction parameters (interfacial tension) are also important. The effect of 
Bond number on GAGD oil recovery will be studied by using glass beads of varying 
grain sizes and the same fluid-fluid system (Decane-N2).  
The Bond number ranges obtained from the field is the basis of the experimental 
design for studying their effect on GAGD recovery. Experiments will be conducted by 
selecting proper grain sizes and fluids to duplicate the Bond numbers obtained from field 
production data. Table 3.3 presents the design of experiments for investigating the effect 
of Bond Numbers (NB). Most of the range of dimensionless number of the commercial 
field projects was captured by the selection of glass beads of proper grain sizes.  
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NB NC Field ranges 
of NB 
Run CR1 Decane-CO2 0.5 20 3.5E-04 5.35E-08 Min            Max         
Run CR2 Decane-CO2 0.15 20 3.6E-05 5.35E-08 
Run CR3 Decane-N2 0.15 20 3.5E-05 6.43E-08 




• Experimental design to study the effect of capillary number 
 The capillary number plays a very important role in deciding the stability of the gas 
displacement process. The importance of capillary number and the viscosity ratio of the 
displacing and displaced fluid have been mentioned in Chapter 2. Viscous forces also 
have an effect on the drainage process. In this study we intend to quantify the viscous 
forces with respect to the capillary forces by using the capillary number. To obtain 
different capillary numbers, two different fluid-fluid systems have been selected, namely 
(Decane-CO2 and Paraffin-CO2). However, the ranges of capillary number obtained 
through selection of different fluid-fluid system are not large in magnitude as compared 
to the ranges obtained through selection of different gas flow rates. Different gas flow 
rates were obtained through the constant mass flow controller. Capillary numbers of 
various orders of magnitude were obtained for each experiment. This experimental 
investigation also helps in identifying the dominant force (viscous or capillary) during the 
GAGD process. The experimental design for these experiments is presented in Table 3.4. 
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NB NC Field ranges of NC 
Run CR3 Decane-N2 0.15 20 3.5E-05 6.43E-08 Min             Max        
Run CR5 Decane-N2 0.15 50 3.0E-05 1.331E-07 
Run CR6 Decane-N2 0.15 5 3.1E-05 1.602E-08 
Run CR7 Decane-N2 0.15 400 3.1E-05 1.28E-06 
1.2E-09 4.2E-08 
Run CR8 Decane-N2 0.15 200 3.21E-05 6.43E-07   
Run CR9 Decane-N2 0.15 300 3.5E-05 9.64E-07   
 
• Experimental design for studying the effect of operating variables 
 Lewis (1943) suggests the following modes of operating a gravity-stable gas injection 
process:  
A. Inject gas at constant pressure. 
B. Restore and maintain or partially restore gas pressure after depletion of pressure 
C. Reduce pressure gradually, so that gas and oil can segregate continuously by 
counter flow. 
D. Produce field in two stages, first under solution gas-drive conditions until the gas 
has been practically eliminated from the oil, then by gravity drainage. 
Steps A and C of this method, as mentioned by Lewis (1943), are useful for 
commercial production from primary reservoirs. A thorough comparison between these 
two modes of gravity drainage process seems to be useful for a GAGD process. 
Experiments were conducted to identify the most favorable operating mode for GAGD. 
Gas injection at constant pressure mode and gas injection at constant rate mode have been 
studied. 
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Besides the two operating modes of gas injection we have also investigated the effect 
of mobile and immobile or connate water saturation on GAGD, this was achieved by 
conducting GAGD in primary recovery mode and secondary recovery mode (after water 
flooding). The design of these experiments is given in Table 3.5. 
 
Table 3.5: Experimental Design for the Study of Operating Mode and Type of 





Type of Experiment NB NC 
Run CP1  Paraffin-CO2 4.0E-04 1.62E-08 
Run CP2 Decane-CO2 
Constant Pressure (4 Psig) 
4.1E-04 1.95E-08 
Run CR1 Decane-N2 Constant rate (20 cc/min) 3.5E-04 5.35E-08 
 
 
• Experimental design for studying the effect of mobile water saturations 
Reservoirs containing residual oil left after a water flood are also potential candidates 
for the application of the GAGD process. The investigation of the GAGD process 
performance in tertiary mode is necessary to study the effect of mobile water. 
In order to study the effect of mobile water on the GAGD process, GAGD 
experiments were conducted in tertiary mode. A water flood was conducted prior to the 
gas flood in the physical model. Water injection rates were chosen according to the Leas 
and Rappaport criterion. The scaling criteria of Leas and Rappaport were used to 
eliminate the dependence of oil recovery during waterflood on the physical model length 
and the water injection rates. The Leas and Rappaport criterion is given by: 
L.V.µ > 1...................................................................................................................3.4, 
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where L is the physical model length (cm), µ is the viscosity of the displacing phase 
(water) in cP and V is the velocity of the displacing phase in (cm/min). The Leas and 
Rappaport criteria yielded a minimum water injection rate of 1.5 cc/min. Based on the 
above findings for the physical model the water floods were conducted using a water 
injection rate of 3 cc/min. Four experiments were designed to study the effect of mobile 
water saturation on the GAGD process. The capillary number was the only variable 
during all these four experiments. Runs CR3, CR5, CR6 and CR7, listed in table 3.5 were 
repeated in tertiary mode for this investigation. 
 
• Experimental design for studying the effect of Reservoir Heterogeneity and 
Spreading Coefficient on the GAGD process  
 
The experimental design for studying the effect of reservoir heterogeneity, rock 
wettability and spreading coefficient has been completed. However, the completion of 
these experiments is being addressed in a separate project. Glass beads having a grain 
size distribution larger than one will provide permeability contrast in the bead pack due to 
non-uniform packing. Artificial fractures will also be induced in the model in order to 
study the effect of fractures on GAGD oil recovery.  
The variables to be investigated for a detailed study of the feasibility of GAGD being 
a possible oil recovery process have been mentioned in Chapter 2. The following fluids 
shown in Table 3.6 have been chosen as potential candidates for investigating the effect 
of spreading coefficient. In order to cover the ranges of dimensionless numbers that were 




Table 3.6: Plan for Studying the Effect of Spreading Coefficient on GAGD                   
(Grattoni et al., 2000; Oren et al., 1995) 






Water+Hexane+N2 18.4 71.1 56.1 659 0.336 3.4 
Water+Isoamyl alcohol+N2 23.7 71.1 91.4 854 N/A 44 
Water+TCE+N2 30 71.1 48.3 1460 1.206 7.2 
Water+CCl4+N2 27 71.1 44.7 1594 0.97 0.6 
Water+n-pentane+paraffin+n-butyl 
alcohol+N2 
23.6 71.1 46.3 779 64.5 -1.2 
Water+n-pentane+paraffin+N2 22.8 71.1 51 777 0.84 2.7 
 
3.3 Experimental Apparatus and Procedure 
3.3.1 Apparatus 
 A Hele-Shaw type physical model is being used for studying the displacement and 
drainage phenomenon occurring in GAGD. The Hele-Shaw model is a 2-D visual model, 
having an Aluminum frame and two 16”× 24” × 1” Pyrex glass windows, separated by a 
plastic spacer. The Pyrex glass plates are held together by bolts, which are fastened to the 
aluminum frame.  The physical model is packed with uniform glass beads of various 
sizes. A schematic of the complete experimental setup is shown in Figure 3.2, the 
components of figure 3.2 are shown in Figure 3.3 through Figure 3.10. 
This 2-D physical model was used to investigate the performance of GAGD and the 
effect of the variables on its performance. Visual experiments were carried out using 
different fluids and packing, in order to obtain dimensionless numbers that fall in the 
same ranges as observed in some of the field projects. The experimental procedure for 




Figure 3.2: Schematic diagram of the physical model 
 
Legend for Figure 3.2: 
A. Mass flow controller/ pressure regulator 
B Physical model 




G Data acquisition system and imaging computer 










   
Figure 3.3(a): Hele-Shaw type visual physical model (B) 
  
 







































Figure 3.8: Camera (F) 
 




Figure 3.10: Pressure gauge (H) 
 
3.3.2  Experimental Procedure 
The following experimental procedure was used for all the experiments conducted 
under secondary mode of gravity-stable gas injection: 
1. Dismantle the physical model. Clean the glass windows with toluene and acetone, 
the spacer and the teflon seals with water. Brush away any glass beads left on the 
metallic frame, and dry all the components with air. 
2. Assemble the model. While assembling the model, follow the number sequence of 
the bolts, engraved on the metallic frame, to tighten the nuts. Always use a torque 
wrench to tighten nuts. Apply 60 lbs of torque on each nut while tightening. 
3. Fill model with appropriate size glass beads. Repeatedly shake the model while 
filling to ensure uniform packing of the model.  
4. Apply vacuum to the model using a vacuum pump. If the model holds vacuum for 
more than 30 minutes proceed to step 5. If the vacuum drops, check for leaks and 
reapply vacuum. 
5. Imbibe distilled water in the model from the bottom using a burette. Once the 
model is completely saturated with water, close the valves at the top and the 
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bottom. Record the volume of water imbibed to calculate porosity of the bead 
pack. 
6. Fill the transfer vessel with dyed n-decane/paraffin oil.  
7. Connect the top of the physical model to the top of the transfer vessel. Connect 
the bottom of the transfer vessel to the pump. Set the rate in (cc/min) on the 
pump. 
8. Connect a valve and tubing to the bottom of the model. Place the other end of the 
tubing into a measuring cylinder. 
9. Start displacing water in the model by injecting oil from the transfer vessel to the 
top of the physical model. Start a stop watch as soon as the pump is started. 
10. Stop pump when no more water is being produced.   
11. Record the final oil and water reading in the burette. Record the time for which 
the pump was on.  
12. Calculate the connate water saturation and initial oil in place using material 
balance equations.  
      IOIP = (Pump rate × Time) - (Final oil reading in burette) 
Sor= (Pore Volume-Water Produced)/ (Pore Volume). 
13. Connect a gas bottle to the mass flow controller and set the mass flow controller 
to the desired gas flow rate (cc/min). Connect the mass flow controller to the top 
two ports of the visual model. 
14. Open all the four bottom outlets of the physical model and place a collector at the 
bottom. 
15. Place a separator at the end of the collector. 
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16. Calibrate and caliper the vision system and the data acquisition software. The data 
acquisition system reads the oil and water level in the separator and converts the 
reading in cm to cc/min of oil collected. 
17. Open the gas injection valve (V001), start the mass flow controller and run the 
data acquisition system to collect the injection and production data for the gas 
injection process. 
• Procedure for tertiary GAGD experiments 
For conducting GAGD runs in tertiary mode, i.e. to initiate a water flood prior to the 
gas flood, follow all the steps listed in the above procedure.  Include these additional 
steps after step 12.  
1. Place the model with its long side in horizontal direction.  
2. Connect the pump to the left hand side of the model to inject water into the model 
directly. 
3. Place separator at the right hand side. 
4. Set Pump rate to 3 cc/min. 
5. Calibrate and caliper the data acquisition system  
6. Start the pump and the data acquisition system. 
7. Follow steps 13 to 17 after these additional steps. 
Caution: The Hele-Shaw type physical model is designed for a maximum working 
pressure of 60 psi. Take great caution while working; avoid exceeding 75% of the 
designed pressure during experimental work. Make sure that the inlet and outlets to the 




• Data Acquisition Procedure for the vision System 
The experimental data gathered from the physical model during every GAGD run 
is recorded using the data acquisition system. The data acquisition system comprises of a 
camera, IMAQ vision builder software and the LabView program. The steps involved 
during creating a data acquisition file for the experimental runs are shown graphically in 
Figure 3.11 (Steps 1 through 7). 
 
Step 1: Initialize the IMAQ vision system Step 2: Calibrate the vision system to convert 
pixels into height of oil column 
 
 
Step 3: Detect the edges in the separator Step 4: Caliper the vision system to read the 
desired edges in the separator 
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Step 5: Open Lab View VI and create a VI file 
 




Step 7: Open gas injection valves and start data acquisition system 
 





4. RESULTS AND DISCUSSION 
 This section summarizes results obtained from the experiments conducted during this 
study. Experiments to study the impact of the operating mode, Bond numbers, capillary 
numbers and mobile water saturation on GAGD performance were conducted.  Scale up 
of the experimental run time to field production times will be discussed in the latter part 
of this Chapter. 
4.1 Investigation of Operating Mode on GAGD performance 
These sets of experiments were aimed at identifying the suitable operating parameters 
for gas injection during the GAGD process. Experiments were designed to study the 
drainage characteristics of oil during gas injection at constant pressure and constant rate 
conditions. The effect of the type of gas injectant on oil recovery was also evaluated by 
conducting experiments using different gases (N2 and CO2) as injectant.  
4.1.1 Constant Pressure Experiments  
The first sets of experiments were conducted at constant pressure gas injection into 
the model. These experiments are listed as Run CP1 and Run CP2 in Table 4.1. The 
constant pressure experiments were conducted using two different gases to verify and 
demonstrate that the type of gas does not affect the GAGD performance under 
immiscible conditions. As can be seen from Table 4.1, except for the type of gas 
injectant, all the other parameters remained the same for both the runs. Similar values of 
connate water saturation and porosity were obtained for both of these runs, indicating 
repeatability of the steps in the procedure. Figure 4.1 shows the results obtained from the 
runs at constant pressure. The oil production rates in both cases were almost identical. 
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This indicates that the type of injectant has minimal influence on GAGD performance at 
constant pressure and immiscible conditions. 
Table 4.1: Model Parameters for Constant Pressure Runs (4 psig) 
Run Number Run CP1 Run CP2 
Fluid-Fluid System Paraffin-CO2 Paraffin-N2 
Oil Viscosity (cP) 65 65 
Gas Viscosity (cP) 0.01462 0.01755 
Oil Density (Kg/m3) 864 864 
Gas Density (Kg/m3) 1.808 1.1651 
Grain Diameter (mm) 0.5 0.5 
Absolute Permeability (D) 152 D 152 D 
Total Water imbibed (cc) 520 522 
Water Drained during oil injection (cc) 480 480 
Total oil in the cell (cc) 480 480 
Porosity of the Bead Pack (φ) 0.413 0.414 
Connate Water Saturation (%) 8 8 
Initial Oil Saturation (%) 92 92 
Bond number 4.0E-04 4.1E-04 
Capillary Number 1.62E-08 1.95E-08 




























 Figure 4.1: Recovery plots for constant pressure gas injection tests 
 
The gravity drainage rates after gas breakthrough during constant pressure runs were 
found to be considerably higher than those during constant rate runs. Muskat (1949) 
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explains that maintaining reservoir pressure is the ideal mode for gas injection. Since 
these experiments maintained an inlet pressure of 4 psi using a pressure regulator, the gas 
injection rates varied to provide that much pressure in the model and hence accounted for 
higher oil recoveries as opposed to the constant rate injection mode, wherein gas injection 
rates were constant and pressure in the model decreased due to oil depletion. The results 
from the constant rate gas injection experiments will be discussed in the following 
sections of this chapter.  
4.2 Constant Rate GAGD Experiments 
 All the experiments except those discussed above were conducted at constant rate 
during the course of this study. These experiments were conducted at constant rates to 
provide a desired constant capillary numbers, with time, during the entire length of the 
experiment. Constant rate GAGD experiments were performed using a mass flow 
controller. The mass flow controller was calibrated and assembled with the model for 
allowing gas to be injected at constant volumetric rates.  
 Ten experiments were conducted to determine the effect of Bond number and 
capillary number on the GAGD performance, and four experiments were conducted to 
study the effect of mobile water saturation on GAGD.  
4.2.1 Effect of Bond Number on GAGD oil recovery 
 The experiments conducted to determine the effect of Bond Number on GAGD oil 
recovery are listed as as Run CR1, Run CR2, Run CR3 and Run CR4 in Table 4.2. Run 
CR1 was conducted using glass beads of 0.5 mm diameter whereas Run CR2 and Run 
CR3 were carried out using glass beads of 0.15 mm diameter and Run CR4 with 0.065 
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mm. These experiments were designed to study the effect of Bond numbers on GAGD 


















Absolute permeability (K) in Equation 4.1 is a function of grain diameter (Eq. 3.3). 
Increase in grain diameter tends to increase the value of absolute permeability, which 
increases the Bond number, The design of these experiments is discussed in Chapter 3. A 
wide range of Bond Numbers were obtained by the use of glass beads of different grain 
diameter.  The results from these four runs are shown in Figure 4.2. From Figure 4.2 it 
can be seen that a much higher ultimate recovery is obtained using larger grain size, 
which can be attributed to the fact that, larger grain size provides for a higher value of 
absolute permeability and henceforth a higher value of Bond Number. Since Run CR2 
and CR3 were conducted using similar conditions but different type of gas as injectant, 
the recoveries from Run CR2 and Run CR3 are similar, which again confirms the fact 
that type of gas injected has less effect on oil recoveries for an immiscible process. 
 From Figure 4.2 it is evident that higher values of Bond number yield higher 
recoveries. Since Bond number (NB) is the ratio of buoyancy forces to capillary forces, 
this result indicate that better oil recoveries are obtained during a gravity dominated flow 
regime than a capillary dominated regime. All though the absolute permeability values of 





Table 4.2: Constant Rate 2D Experiments to Study the Effect of the Variation of 
Bond Numbers on Oil Recovery 
Run Number  Run CR1 Run CR2 Run CR3 Run CR4 
Fluid-Fluid System  Decane-N2 Decane-CO2 Decane-N2 Decane-N2 
Oil Viscosity (cP)  0.84 0.84 0.84 0.84 
Gas Viscosity (cP)  0.01462 0.01462 0.01755 0.01755 
Oil Density (Kg/m3) 734 734 734 734 
Gas Density (Kg/m3)  1.808 1.808 1.1651 1.1651 
Grain Diameter (mm)  0.5 0.15 0.15 0.065 
Absolute Permeability (D)  152 43 43 10.2 
Total Water Imbibed (cc)  523 546 538 548 
Total Water Drained (cc)  460 430 430 412 
Total oil in the cell (cc)  460 430 430 412 
Porosity of the Bead Pack  0.415 0.433 0.426 0.43 
Water Saturation (%)  12 22 20 24 
Oil Saturation (%)  88 78 80 76 
Bond Number  3.5E-04 3.6E-05 3.5E-05 7.07E-06 
Capillary Number  5.35E-08 5.35E-08 6.43E-08 6.43E-08 























0.5 mm (Decane-N2); NB=3.5E-04
0.15 mm (Decane CO2);NB=3.6E-05
0.15 mm (Decane N2);NB=3.5E-05
0.065 mm (Decane-N2);NB=7.1E-06
Nc=1.62E-08 to 6.3E-08
Gas breakthrough time on the curves
 
Figure 4.2: Effect of Bond number on GAGD oil recovery 
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  Moreover, Run CR2 and CR3 were conducted using similar conditions but different 
type of gas as injectant, the recoveries from Run CR2 and Run CR3 were similar 
(differing only by about 3% in recovery), which again confirms the fact that type of gas 
injected has less effect on oil recoveries in an immiscible gas injection process. Figure 
4.3 also shows the scale up time in the Dexter Hawkins reservoir; scaling of time will be 
discussed in Section 4.4. From Figure 4.4 we can see that the oil production rates are 
comparatively higher in the early time of production as compared to the later. 
 A comparison between oil recoveries at constant pressure (Run CP1) and recoveries 
at constant rates (Run CR1) are shown in Figure 4.3, which shows a steady increase in 
the recovery performance after gas breakthrough for the constant pressure run, whereas 
very little additional oil is recovered after gas breakthrough during the constant rate runs. 
This appears to indicate that the reservoir pressure maintenance could be a critical factor 
for the GAGD process. In order to check that the comparison between the constant 
pressure and constant rate runs were justified, the rates for constant pressure run were 
back calculated using material balance. The gas injection rates at 4 psig were calculated 
from the volumetric oil production data, these rates were then converted to equivalent 
rates at atmospheric condition using the CO2 compressibility factor.  This analysis 
yielded a gas injection rate of about 20cc/min till breakthrough, however after 
breakthrough the gas injection rates increased to 40cc/min to maintain the pressure at 4 
psi. The injection pressure of the constant rate runs was measured during the experiment. 
The injection pressure was initially high at 4psi during the start of the run and decreased 
to 2 psi at and after breakthrough.  The injection rate as well as the injection pressure for 
the constant pressure and constant rate runs were reasonably close until gas breakthrough, 
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however they varied after breakthrough. Therefore, the comparison of the two runs until 
breakthrough appears to be justified. Comparing the constant rate and constant pressure 
until breakthrough, it is observed that faster oil recovery is obtained during gas injection 
at constant pressure; this becomes an important decision-making factor as all the 
operators desire early returns on investments. However, gas compression to higher 
pressure would increase the cost of the project. Therefore, economic analysis of these two 

























Constant Pressure Run; CP1;
NB=4.4E-04; NC=1.6E-08





Figure 4.3: Recovery comparison for constant rate and constant pressure runs 
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4.3 (a) Time = 4 min  
(45 days in Dexter Hawkins) 
Recovery = 3.2% IOIP 
4.3(b) Time = 20 min  
(255 days in Dexter Hawkins) 
Recovery = 36.6% IOIP 
  
4.3 (c) Time = 42 min 
 (485 days in Dexter Hawkins) 
Recovery = 61% 
4.3 (d) Time = 3hrs  
(4.5 years in Dexter Hawkins) 
Recovery = 70% 
Figure 4.4 Gravity stable frontal advance during Run CR1 
 
 
 A wide range of capillary and Bond numbers were chosen to study the recovery 
performance of the GAGD process. Table 4.3 demonstrates the effect of Bond number on 
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GAGD cumulative oil recovery. Comparing Run CR1 and CR2, it can be seen that there 
is 11% increase in recovery for a 10 times higher Bond number process. However, 
between Run CR2 and CR3, the incremental oil recovery with glass beads of similar 
grain size is not that large for a slight variation in the capillary number. Figure 4.5 shows 
that there is an increase in oil recovery with an increase in the Bond number for all the 
cases studied so far, and the trend is almost linear. The Bond number value from a 
miscible core flood data (Kulkarni, 2004) is plotted with the physical model data. The 
miscible core flood data point falls in good agreement with the correlation obtained from 
the physical model data. Therefore, physical model experiments are not only useful for 
predicting GAGD performance in immiscible mode but also help in estimating its 
performance when miscibility is achieved. 
 
Table 4.3: Dependence of Oil recovery on Bond Numbers 










Run CP1  4.0E-04 1.620E-08 79.36 
Run CP2 4.1E-04 1.953E-08 78.3 
Run CR1 3.5E-04 5.357E-08 73 
Run CR2 3.6E-05 5.357E-08 62 
Run CR3 3.5E-05 6.431E-08 59 
Run CR4 7.1E-06 6.430E-08 54.38 
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Immiscible GAGD Physical Model data




Figure 4.5: Effect of Bond number on oil recovery by GAGD 
 
 
4.2.2 Effect of Capillary Number on GAGD Oil Recovery 
To investigate the effect of capillary numbers on GAGD oil recovery, six runs were 
carried out at different flow rates to obtain a significant variation in the capillary 
numbers. The details of these runs are presented in Table 4.4(a) and Table 4.4(b); 
experimental details for these runs was provided in Chapter 3.  
This study also intends to investigate the critical value of gas flow rates so as to 
obtain the most optimum operating conditions (gravity-stable). The oil recoveries 
obtained from these runs are presented in Figure 4.6. Figure 4.7 demonstrates that an 
increase in capillary number results in a significant increase in oil recovery. However, the 
capillary number can only be increased to a certain critical value due to constraints of 
critical gas injection rates. 
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Table 4.4 (a): Constant Rate 2D Experiments to Study the Effect of the Variation of  
Capillary Numbers on Oil Recovery (Runs CR3, CR5 and CR6) 
Run Number  Run CR5 Run CR3 Run CR6 
Fluid-Fluid System  Decane-N2 Decane-N2 Decane-N2 
Gas Flow rate (cc/min)  50 20 5 
Oil Viscosity (cP)  0.84 0.84 0.84 
Gas Viscosity (cP)  0.01755 0.01755 0.01755 
Oil Density (Kg/m3) 734 734 734 
Gas Density (Kg/m3)  1.1651 1.1651 1.1651 
Grain Diameter (mm)  0.15 0.15 0.15 
Absolute Permeability (D)  41.2 43 43 
Total Water Imbibed (cc)  514.8 538 522 
Total Water Drained (cc)  410 430 404 
Total oil in the cell (cc)  410 430 404 
Porosity of the Bead Pack  0.408 0.426 0.414 
Water Saturation (%)  20.3 20 22.6 
Oil Saturation (%)  79.0 80 77.4 
Bond Number  3.0E-05 3.5E-05 3.1E-05 
 
 
Table 4.4 (b): Constant Rate 2D Experiments to Study the Effect of the Variation of 
Capillary Numbers on Oil Recovery (Run CR7, RunCR8 and Run CR9). 
Run Number   Run CR8 Run CR9 Run CR7 
Fluid-Fluid System  Decane-N2 Decane-N2 Decane-N2 
Gas Flow rate (cc/min)  200 300 400 
Oil Viscosity (cP)  0.84 0.84 0.84 
Gas Viscosity (cP)  0.01755 0.01755 0.01755 
Oil Density (Kg/m3) 734 734 734 
Gas Density (Kg/m3)  1.1651 1.1651 1.1651 
Grain Diameter (mm)  0.15 0.15 0.15 
Absolute Permeability (D)  44.2 42.6 46 
Total Water Imbibed (cc)  531.2 538 5 
Total Water Drained (cc)  425 418 400 
Total oil in the cell (cc)  425 418 400 
Porosity of the Bead Pack  0.42 0.426 0.42 
Water Saturation (%)  19.9 22 24.5 
Oil Saturation (%)  81.1 78 75.5 
Bond Number  3.21E-05 3.5E-05 3.12E-05 
Capillary Number  6.43E-07 9.64E-07 1.28E-06 


























Run CR6 (5 cc/min);NC=1.6E-08
Run CR3 (20cc/min);NC=6.4E-08
Run CR5 (50cc/min); NC=1.3E-07
Run CR8 (200 cc/min);Nc=6.43E-07
Run CR9 (300 cc/min);Nc=9.64E-07
Run CR7 (400 cc/min);NC=1.28E-06
NB=3E-05 to 3.5E-05
 
Figure 4.6: Oil recoveries obtained from different gas injection rates. 
  
Figure 4.6 shows that the majority of the oil is recovered during the early time of GAGD 
implementation within about 100 minutes in the physical model; a slight increase in oil 
recovery is observed for the remaining life of the flood. The time of 100 minutes in the 
model converts to about 3 years in the Dexter Hawkins field, thus GAGD implementation 
appears to result in rapid oil production and faster return on investment. Table 4.5 shows 
that a notable increase in oil recovery can be obtained with increase in capillary number 
by two orders of magnitude.  
A gas injection rate of 400cc/min was chosen in order to obtain a very high capillary 
number, and to observe if the GAGD flood was gravity-stable at that high value of 
capillary number. Figure 4.8 shows images of the drainage of oil when the gas injection 
rates were kept at 400cc/min. From Figure 4.8(a) and 4.8(b), it can be observed that the 
oil bank advances towards the bottom of the cell in a reasonably gravity-stable mode. 
Hence, it can be stated from the flood profile as shown in Figure 4.8, that this GAGD 
experiment was conducted in a gravity-stable mode, and it is fair to compare results of 
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this run with those conducted at lower gas flow rates. The gas bubbles were first observed 
to be coming out of the producer after 36 minutes since the start of the run (Figure 
4.8(c)), this time can be noted as the gas breakthrough time. 
 It was observed that the relationship (Recovery = 4.934*ln (Nc) + 140.24), in Figure 
4.7, would yield 100% recovery at a capillary number value of 2.87E-04.  This 
observation does not go along with the common notion that 100% recovery is seldom 
obtained during immiscible gas injection. 
 
Table: 4.5 Oil Recovery Variations with Bond and Capillary Number 













CP1  (4 psi) 0.5 N/A 4.0E-04 1.620E-08 79.36 
CP2  (4psi) 0.5 N/A 4.1E-04 1.953E-08 78.3 
CR1  0.5 20 3.5E-04 5.357E-08 73 
CR2  0.15 20 3.6E-05 5.357E-08 62 
CR3  0.15 20 3.5E-05 6.431E-08 59 
CR4 0.05 20 7.1E-06 6.430E-08 54.38 
CR5  0.15 50 3.0E-05 1.331E-07 67 
CR6  0.15 5 3.1E-05 1.602E-08 49 
CR7  0.15 400 3.1E-05 1.28E-06 72 
CR8  0.15 200 3.21E-05 6.43E-07 69.5 




























Immisible Physical Model GAGD floods
Nearly Miscible core flood GAGD data (Kulkarni, 2004)
NB=3/0E-05 to 3.5E-05
 




(a) Time:4 min  
 
(b)Time:6 min  
 
(c) Time:36 min (Gas bubbles at the bottom)  
Figure 4.8: Pictures from the 400 cc/min, N2 flood (Run CR7) 
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However, to evaluate the validation of the above relationship, data from miscible core 
flood experiments were examined, wherein 100% recovery was obtained during GAGD 
runs on Berea cores (Kulkarni, 2004). The capillary number value of that miscible 
GAGD core-flood was 2.57E-04, which was close to the value obtained from the 
correlation in Figure 4.7. This observation clearly suggests that the recovery correlation 
obtained from the physical model experiments in terms of the capillary number may be 
applicable over a wide range of capillary numbers encompassing both miscible and 
immiscible displacements.  
Similar observation was made on the correlation from Bond number experiments. The 
above-mentioned approach was followed again for the validation of the correlation of 
total oil recovery and Bond number. The miscible core flood experiments indicated that 
100% recovery is obtained at a Bond number (NB) value of 0.011. A Bond number value 
of 0.013 is required to give 100% oil recovery according to the correlation from Figure 
4.5. Both these observations strongly support the validation of the correlation obtained 
from Figure 4.5 and Figure 4.7. Moreover, it can be said with reasonable confidence that 
they may be applicable for both miscible and immiscible displacements. 
These observations not only outline two very useful correlations for the GAGD 
process, but also illustrate the usefulness of physical model experiments to develop 
predictive correlations. Dimensional analysis proved to be very useful in designing 
experiments for the GAGD process and to develop a mechanistic understanding of the 
drainage process.  
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4.2.3 Results from Mobile Water Saturation Experiments 
Literature review indicates that commercial gas injection projects have been applied 
in both secondary as well as tertiary modes. The important distinction between the 
secondary and tertiary processes is the presence of mobile water. Presence of mobile 
water leads to increased water shielding effects and water handling problems in 
commercial gas injection projects. To study the effect of mobile water saturation on 
GAGD performance, tertiary mode GAGD floods were conducted on the scaled physical 
model, using n-Decane (oleic phase), Nitrogen (injection gas) and distilled water 
(interstitial / injection water). The gas injection was preceded by a horizontal (non-
gravity stable) secondary waterflood as shown in Figure 4.9. Four GAGD runs in tertiary 
mode were carried out at various gas injection rates, namely 5cc/min (Run TF3), 
20cc/min (Run TF1) and 50cc/min (Run TF2) and 400cc/min (Run TF4). The 
experimental details of these floods and their performance evaluations capillary number 
variation(s) are reported in Table 4.6 and Figure 4.10.  From the experimental results it is 
evident that the presence of mobile water in the physical model had a strong impact on 
the oil recoveries. Figure 4.10 shows the water production data during the GAGD run. As 
gas enters the model it displaces the oil bank from the top of the model towards the 
producer, and produces only mobile water for the initial 200 minutes of the run. This 
illustrates the water shielding effect during gas injection in the presence of mobile water. 
Only a maximum of 36.6% of residual oil in place was recovered during these tertiary 
GAGD experiments as opposed to 72.2% IOIP during secondary floods. Water shielding 
effects are clearly noticeable in Figure 4.9 and Figure 4.10, wherein only 5% of the oil is 
recovered during early time; however, after the decrease in mobile water saturation 
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constant production of residual oil is observed.  Figure 4.11 shows the variation in oil 
recovery during tertiary mode GAGD. It can be seen that relatively low oil recovery 
occurred during tertiary mode GAGD as compared to GAGD implementation in 
secondary mode. However, the total liquid production is still reasonably close. This 
implies that GAGD implementation in secondary mode may be more beneficial than to 
tertiary mode. The gravity-stable displacement of the higher saturation front from the top 
of the reservoir to the bottom can be observed in Figure 4.12. This indicates that the 
immiscible GAGD process is capable of displacing large volume of residual oil from the 
oil-saturated zone at the top of the reservoir towards the producer.  
Table 4.6: Data Obtained from Tertiary GAGD Runs 









Connate water saturation  (%) 0.28 0.27 0.3 0.245 
Porosity (%) 0.44 0.42 0.43 0.45 
IOIP (cc) 401 405 384.5 430 
WATER FLOOD 
Water rate (cc/min) 3 3 3 3 
Water flood oil recovery 
(%IOIP) 
45.8 51.7 52.4 49 
Residual oil saturation (Sor) % 39.4 35.2 33.6    36.1               
Water saturation % 60.6 64.8 66.4 63.9 
GAS FLOOD 
Gas rate (cc/min) 20 50 5 400 
Oil recovery (% ROIP) 21.4 29 27 36.6 
Oil recovery (% IOIP) 11.6 12.2 15.6 18.2 
Bond number (NB) 3.9E-05 3.5E-05 3.6E-05 3.61E-05 





















Run TF2 (50cc/min; Nc=1.34E-07)
Run TF3 (5cc/min; Nc=1.68E-08)
RunTF1 (20 cc/min;Nc=5.35E-08)
RunTF4 (400 cc/min; Nc=1.28E-06)
NB=3.5E-05 to 3.9E-05
 






































































(A) Model placed horizontally for non-gravity stable water flood 
 
(B) The presence of oil bank at the top of 
the model at Time=1 min, after the start of 
GAGD in tertiary mode 
 
(C) Movement of the oil bank to the 
bottom of the model at time = 200ns. 




4.3 Statistical Analysis of Experimental Results  
A multiple regression analysis was performed on the experimentally measured results 
using the Statistical Analysis Software (SAS). The results from this analysis are shown in 
Figure 4.13. The regression model fits two-thirds of the experimental and field data well 
and the remaining third fall within ±10% error range. Results from the statistical analysis 
indicate that while GAGD oil recovery depends on both capillary and Bond numbers, the 
effect of Bond number is significantly higher than that of capillary number. This is 
indicated by the value of the ‘probability of significance’ factor, which is significantly 
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Figure 4.13: Multi-variance regression model for correlating and predicting cumulative 
GAGD immiscible oil recovery 
 
 
4.4 Scaling of Time 
In order to scale-up the time in a given prototype field, the dimensionless time 
expression is used. The expression for the dimensionless time (td) for gravity drainage 
















where K is the absolute permeability of the porous media, Koro is the end point relative 
permeability to oil, ∆ρ is the density difference between the displaced phase and the 
displacing phase, g is the acceleration due to gravity, h is the thickness of the porous 
medium, φ is the porosity, µo is the oil viscosity, Sor and Swi are the residual oil and 
connate water saturation respectively, td is the dimensionless time, and t is real time. 
 Equation 4.2 enables the scale-up of the run time (in minutes) in the physical model 
to time required in the reservoir to reach the same recovery. Table 4.7 shows the data 
collected for a prototype gravity drainage field project (Dexter Hawkins). These 
properties are taken from Carlson (1988). The absolute permeability of this field is 
reported as 3.4 D, however, in order to scale the time required for drainage, which is in 
vertical direction, the vertical permeability is used.  
Table 4.7: Properties of Dexter Hawkins field used in dimensionless time 
calculations 
Properties (Dexter Hawkins) Values
Absolute permeability K (D) 1.2
End point oil-permeability (Koro) 0.31
Οil density (ρo  (Kg/m3)) 908
Gas density (ρg  (Kg/m3)) 10
Porosity (φ) 0.25
Oil viscosity (µo  (cP)) 3.75
Initial Water Saturation (Swi) 0.27
Residual oil saturation (Sor) 0.1
Reservoir thickness (h  (ft)) 175
  
Data in Table 4.7 is incorporated in Equation 4.2 to obtain the expression for 
dimensionless time for this particular field. The Dexter Hawkins field was subjected to 
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gravity drainage; and the total oil recovery from this field was 81% (IOIP) during its 
operation for 15 years under gravity-stable gas injection.  
 Similarly the expression for dimensionless time for the physical model is obtained. 
The value of dimensionless time will remain the same in both the field and physical 
model, if the model is assumed to be properly scaled. This enabled us to scale the time in 
minutes in the physical model to corresponding time in years in the prototype field. Table 
4.8 shows the scaled time for all the experimental runs conducted during this study. As 
can be seen in Table 4.8, a run time in secondary GAGD in the physical model 
corresponds to a time of 69-127 days in the field. The same time of 10 minutes in the 
physical model would correspond to 153-204 days in the field. Therefore, the 
performance of GAGD is slower in the presence of mobile water, which suggests that the 
implementation of GAGD is more profitable during the early time after primary 
production. Figure 4.14 shows the performance of the Dexter Hawkins field under gravity 
drainage.  It can be seen that majority of the production in the Dexter Hawkins field 
occurred during the first three years of gravity drainage implementation, after which a 
steady decline is observed. Similar observation was made during the GAGD experiments 
in the physical model. Majority of the oil production occurred during the first 100 
minutes of gas injection in most of the experiments. 100 minutes in the physical model is 
equivalent to approximately three years in the Dexter Hawkins field.  This clearly shows 
that the physical model experiments were capable of capturing the operating mechanisms 

























CP1  Primary 4 psi 0.5mm 10  106 days 
CP2 Primary 4 psi 0.15mm 10  113 days 
CR1 Primary 20 cc/min 0.15mm 10  127 days 
CR2 Primary 20 cc/min 0.065mm 10 119 days 
CR3 Primary 20 cc/min 0.15mm 10 110 days 
CR4 Primary 20cc/min 0.15mm 10 69 days 
CR5 Primary 50 cc/min 0.15mm 10 113 days 
CR6 Primary 5 cc/min 0.15mm 10  120 days 
CR7 Primary 400 cc/min 0.15mm 10 106 days 
CR8 Primary 200 cc/min 0.15mm 10 95 days 
CR9 Primary 300 cc/min 0.15mm 10  99 days 
TF1 Secondary 20 cc/min 0.15mm 10  183 days 
TF2 Secondary 50 cc/min 0.15mm 10  204 days 
TF3 Secondary 5 cc/min 0.15mm 10  161 days 







Figure 4.14: Dexter Hawkins field performance (Carlson, 1988) 
 
 4.5 Comparison of Physical Model Results with Field production and Core Flood 
Data 
 
The results obtained in this study using the physical model were compared with the 
gravity drainage results from the core flood data and the gravity drainage field production 
data reported by Kulkarni, 2004. In order to compare the results on a common basis, the 
gravity number was chosen instead of the Bond and capillary numbers. The gravity 
















The gravity number being a combination of the Bond and capillary numbers appears 
to be a better basis for comparison of laboratory and field data as it includes buoyancy, 
capillary and viscous forces. 
Figure 4.15 shows the comparison of these results. From Figure 4.15, it can be seen 
that there is an approximate logarithmic relationship between the recovery performance 
and the gravity numbers. Although the comparison made here is at very different scales, 
i.e. very high pressures (core flood and field projects) to approximately atmospheric 
pressure (Physical model), completely heterogeneous system to almost homogeneous 
system and extremely large area to a small core; the results still fall close to a straight line 
on the this plot. The single triangular point on the straight line is for the West Hackberry 
field, which being a dolomite reservoir, is suspected to be oil-wet, while the other cases  
are all water wet. The coreflood point from a fractured core is another outlier on the plot. 
These findings indicate that the performance of the GAGD process appears to be well 
characterized by the use of the Gravity number, which incorporates the Bond and 
capillary numbers. Thus the Physical model has been proven in this study to be a very 
useful tool for analyzing an oil recovery scheme at a laboratory scale and correlating the 
results with those obtained from commercial scale field projects and high-pressure core 
flood experiments. Furthermore, these physical model experiments have been shown to 
be an effective tool in determining the corresponding production time in typical field 
application of the GAGD process. 
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Recovery (% ROIP) 
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Coreflood Experiments
Outside trend: Possibly 
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5. CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
1. A simple 2-D Hele-Shaw type physical model has been used to study the Gas 
Assisted Gravity Drainage (GAGD) process. Experimental results have indicated 
the usefulness of physical models as a tool to investigate the performance of new 
processes such as GAGD.  
2. The movement of gas-oil interface in the reservoir rock has been captured using 
this visual model. Experiments to study the effect of capillary, viscous and 
buoyancy forces have been conducted by simply using glass beads of different 
sizes, and injecting gas at various flow rates. 
3. The performance of the GAGD process has been characterized using 
dimensionless numbers such as the Bond number, the capillary number and the 
gravity number. Furthermore, the experimental run time can be scaled to real time 
in the field by the use of a dimensionless time expression. 
4. Slightly higher cumulative oil recovery (7-8% greater) as well as a higher rate of 
recovery is obtained during constant pressure gas injection as compared to 
constant rate gas injection.  
5. A straight-line relationship between the total recovery and the natural log of Bond 
number is obtained from the experiments.  This correlation fits well to both 
immiscible and miscible core flood experiments, which suggest that physical 
model experiments are a useful tool for predicting the GAGD performance at 
another scale. 
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6. A logarithmic relationship of total oil recovery and the capillary number is 
observed; this relationship also stands true for both immiscible and miscible core 
flood data. Therefore, immiscible physical model results could be extrapolated to 
predict oil recoveries during miscible conditions. Faster recoveries are obtained 
with higher values of capillary numbers.  
7. Immiscible GAGD floods can yield recoveries up to 80% of the IOIP in 
secondary mode, as opposed to about 5-10% by the WAG process.  
8. A logarithmic relationship between gravity number and recovery is observed 
when results from the physical model, core floods and field data are compared. It 
is very interesting to note that the recovery data from all the scales of operation 
corroborate well with this relationship.  
9. A multi-variable regression model to fits the experimental and field data has been 
obtained. This analysis suggests that the Bond number has greater influence on 
ultimate GAGD oil recovery compared to the capillary number. 
10. The type of gas injectant (gas composition) does not affect the oil recovery by 
GAGD in immiscible mode; in-fact the rate of recovery is quite identical for 
different gases. This can be attributed to the fact that the capillary number and 
Bond number for both the experiments were similar.  
 
5.2 Recommendations  
1. Experiments to investigate the effect of reservoir heterogeneity on the 
performance of the GAGD process should be conducted. The effect of KV/KH on 
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GAGD performance should be identified. Horizontal wells have demonstrated 
better performance with vertical fractures. 
2. The effect of spreading coefficient on GAGD process should be determined. 
Literature review reveals that film flow of oil is one of the important factor during 
drainage, therefore experiments to capture the film flow behavior of oil should be 
designed. 
3. Experiments should be designed to study the performance of the GAGD process 
in oil-wet media. Better film flow characteristics of oil have been reported in 
literature during drainage in oil-wet rocks.  
4. Scaled experiments using horizontal wells are also recommended to study the 
productivity of horizontal wells during the GAGD process, and also to develop a 
working fully scaled experimental model to compare GAGD with other 
production schemes. 
5. Experiments on a Scaled Physical model are recommended to study the effect of 
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APPENDIX: DETAILED SUMMARY OF COMMERCIAL GRAVITY 




























































































WF recovery (% OOIP) 60 60 60 - 70 N/A N/A N/A N/A N/A 58 
Ultimate Oil Recovery (%OOIP) 90.0 > 80.0 64.1 N/A 95.5 84.0 74.8 67.5 N/A 
Project Results Successful Successful Successful Discouraging Successful Successful Successful Successful Successful 
Profit (?) Profit Profit No Profit No Profit Profit Profit Profit Profit Profit 












Carbonate Lime-Stone Biomicrite / Dolomite 
Sand- 
Stone 
Application Type Field Field Pilot Lab Field Field Field Field Field 
Injection Mode Secondary N/A Tertiary Secondary Secondary Secondary Tertiary Secondary Tertiary 
Injection Type Immsc Immsc Immsc Immsc Misc Misc Misc Misc Immsc 
Start Date 11/1994 8/1987 1/1979 1/1981 1/1969 5/1981 7/1983 1/1969 1/1994 
Project Area (Acre) N/A 2,800 8 9 2,725 320 1,400 3,325 1,500 
Enhanced Production (b/d) 150-400 1000 160 7 1,300 2,300 1,400 40,000 2,383 
Status (Date) C (’02) NC (’02) NC (’86) NC (’86) NC (’02) HF (’92) HF (’98) NC (’02) N/A 
Porosity (%) 23.9 – 27.6 27 26 32.9 10.94 12 8.5 22 25 
Permeability (mD) 300 – 1000 3400 1200 1480 1375 1050 110 200 10 – 2000 
Connate Water Sat. (%) 19 – 23 13 10 15 5.64 11 20 N/A 22 
WF Residual Oil Sat. (%) 26 35 22 20 35 N/A 35 N/A 27 
GI Residual Oil Sat. (%) 8 12 1.9 N/A 5 10 N/A 3 
Oil Saturation at Start (%) N/A N/A 22 20 93 90 35 80 28 
Oil Saturation at End (%) N/A N/A 2 5 12 5 10 18 N/A 
Reservoir Temperature (oF) 205 – 195 168 225 164 167 218 151 226 197.6 
Bed Dip Angle (Degrees) 23 – 35 8 26 36 Reef Reef Reef Reef 5 – 12 
Pay Thickness (ft) 31 – 30 230 186 35 648 292 824 950 15 – 25 (m) 
Oil API Gravity 33 25 32.7 36 38 45 43.5 40 31 – 34 
Oil Viscosity (cP) 0.9 3.7 0.45 0.667 0.535 (BP) 0.19 0.43 0.46 0.6 – 1.0 
Bubble Pt Pressure (psi) 2920.304 1985 6013 N/A 2154 3966 1375 2224 2800– 3200 
GOR (SCF/STB) 500 900 1386 584 567 1800 450 509 2000 
Oil FVF at Bubble Pt 1.285 1.225 1.62 1.283 1.313 2.45 1.284 1.315 1.1 – 1.4 
Injection Gas Air N2 CO2/HC CO2 HC HC CO2 HC HC 
Minimum Miscibility Pressure (psi) -- -- N/A 3334 2131 4640 1900 4257 -- 
Displacement Velocity (ft/D) .095 –  .198 N/A .04 – 1.2 N/A .021 – .084 .020 – .203 .116 .06 N/A 
24.5 
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